Biochar is not a structured homogeneous material; rather it possesses a range of chemical structures and a heterogeneous elemental composition. This variability is based on the conditions of pyrolysis and the biomass parent material, with biochar spanning the range of various forms of black carbon. Thereby, this variability induces a broad spectrum in the observed rates of reactivity and, correspondingly, the overall chemical and microbial stability. From evaluating the current biochar and black carbon degradation studies, there is the suggestion of an overall relationship in biochar stability as a function of the molar ratio of oxygen to carbon (O:C) in the resulting black carbon. In general, a molar ratio of O:C lower than 0.2 appears to provide, at minimum, a 1000-year biochar half-life. The O:C ratio is a function of production temperature, but also accounts for other impacts (e.g., parent material and post-production conditioning/oxidation) that are not captured solely with production temperature. Therefore, the O:C ratio could provide a more robust indicator of biochar stability than production parameters (e.g., pyrolysis temperature and biomass type) or volatile matter determinations.
Traditional charcoal production, in a restricted oxygenated environment, has a long history in human civilization dating back to the 15th Century, and the use of charcoal in cave drawings dates back over 35,000 years [201, 202] . Despite this long history, there is a lack of uniformity in the scientific literature when it comes to the nomenclature for the products of biomass combustion. Char, charcoal, soot, graphitic carbon, ash, coal and black carbon (black C) have all been used to describe the solid residual products (e.g., see [1] ). Recently, biochar has been added to the list as the name applied to the carbonized product of pyrolysis that is returned to soil for its benefits for carbon sequestration, which consequentially, has also been linked to beneficial soil quality improvements [2-6,] . However, the main purpose for the creation of biochar is its carbon sequestration potential [7] . From this standpoint, biochar is new in terms of its overall application and purpose (carbon sequestration), but not in terms of its production. Biochar's carbon sequestration benefit results from the fact that carbon from the atmosphere-biosphere pool is transferred to a slower cycling form (i.e., black C) that has the potential to exist for hundreds to thousands of years [8, 9] or possibly longer [10, 11] .
Thermal conversion of biomass in the absence of oxygen (i.e., pyrolysis) yields three phases of products: liquid (bio-oil), solid and gas [12] [13] [14] . From the standpoint of reducing the sources of global warming and sustainable resource management, biomass is also attracting attention as a renewable energy resource to replace current fossil fuel resources. Pyrolysis has been cited as one of the renewable processes that is most capable of competing with nonrenewable fossil fuel resources [15] . Typical pyrolysis conditions to optimize the production of solid residuals are the absence of oxygen (i.e., anaerobic conditions) and temperatures ranging from 350-800 o C [16] . As production temperature increases, there is a corresponding decrease in the yield of the solid residuals (Figure 1 ). An overall range of 15-60% of the dry-weight biomass is present as the solid residual as a function of the feedstock and pyrolysis conditions (Figure 1 ). Slow pyrolysis offers the technique that currently produces the highest yield of the solid residuals 
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Review Spokas (i.e., biochar) [11] . In addition to its new potential role in carbon sequestration, this solid residue has traditionally been used as a fuel source [17] , briquetted, mixed with water/oil to form slurries or subjected to further chemical processing to give more useful and/or valuable chemical products [18, 19] . One such example is the long standing use of activated charcoals, which takes charred biomass and chemically or physically activates the surface of the charcoal to create additional chemical reactive groups, particularly targeting sorption capacities [20, 21] . However, these energy and noncarbon-sequestration focused uses are not within purview of the definition of biochar [6] . This article will summarize and evaluate the current observations on biochar stability in soil. This information on biochar's carbon stability is relevant to improve current estimates of the residency time for biochar and its suitability as a vehicle for carbon sequestration. Furthermore, the hypothesis of utilizing the oxygen:carbon (O:C) molar ratio of biochar is presented as a means to predict the eventual stability of biochar in the soil system.
Black carbon Differences in natural versus synthetic black carbons
In this article, synthetic black C will refer to man-made black C materials created through the pyrolysis of biomass, which would include biochar. Conversely, natural black C is produced during natural events (e.g., lava flows, prairie and forest fires and geologic digenesis) and is present in sediments and the geologic strata [9] . Despite differences in the type of production (natural or man-made), there are other differences between synthetic and natural black C in terms of feedstock purity, temperature control and post-production conditions. These factors could lead to significant differences in both the chemical composition and percentages of the produced products (i.e., solids, liquids and gases) [14] .
First, a significant factor for synthetic black C production is parent material purity, since synthetic black C is often produced from a homogenous feedstock stream and offers limited mixing with other materials during pyrolysis [22] . Conversely, natural black C produced from wildfires (i.e., forest and prairie) and lava flows are often heterogeneous and the biomass is intermixed with soil and other impurities (including oxygen presence during production [23] ). Thereby, the carbon atoms can react with these other components, some of which can function as catalysts, during thermochemical conversion (pyrolysis) [24, 25] or substitutions in the graphitic (carbon) sheets [24] . Inorganic salts also alter the final product distribution, with reduced liquid products and increased char-forming reactions during pyrolysis yielding higher proportions of char [23] . Owing to the potential catalytic effect of these impurities, particularly metals and clay minerals, natural black C can possess differing crystalline structure and chemical stability for equivalent production temperatures [25] [26] [27] [28] . The presence of impurities also has other impacts. The presence of alkali earth metals with black C has also been observed to increase the oxidation of black C by up to a factor of 100,000 [29] .
Another difference between natural and synthetic black C is that production temperatures of natural black C are highly variable. Temperatures in a natural thermal event (fire or lava flow) can range from 80°C (smoldering) to over 1000°C [30, 31] , which results in a spectrum of black C as a function of creation temperatures [32] . Black C that has been intensively charred at high temperature has been observed to be entirely aromatic, whereas alkyl-carbon (i.e., non-aromatic) components are present in black C produced at lower References for data sources are rice husks [126] , pine 1 [86] , grass [86] , pine needles [110] , rapeseed straw [15] , almond shell [127] , pine 2 [107] , tall fescue grass [107] and mixed wood [128] .
temperatures [33] . Furthermore, this natural black C is typically cooled under aerobic conditions as well as exposed to environmental weathering (e.g., temperature cycling, precipitation and/or UV exposure). These factors can lead to potential oxidation of the char [25] . Therefore, one would expect a spectrum of stability and properties in natural black C as a result of the range of temperatures that could even exist within a single thermal event. This temperature variability imparts a fluctuating chemical composition as a function of the range in production temperatures. In addition, the cooling of freshly created black C with water or precipitation (as is done in some open pit synthetic production methods), creates the opportunity of activating the hot char with water or steam, altering the surface chemistry groups of the black C post-production [25] .
Natural formation of black C has been hypothesized to be connected to the missing carbon in the global carbon cycle (1.4-1.6 Gton year -1 ) [34] . There are examples of where black C has been located in sediments as well as anoxic marine environments, with carbon-dating placing this material at hundreds to thousands of years old [2, 8, 9] . However, keeping in mind the variable temperatures of natural fire events and different geologic burial histories, one can see how black C with different stabilities could be produced in the same natural event. Furthermore, it has been suggested that the anaerobic geologic burial protects black C, and without this protection it would have been degraded [35] .
Therefore, in nature we are dealing with variable production conditions of the black C that is not a homogenous single feedstock, created over a range of temperatures and with various post-production cooling and storage conditions. These factors complicate applying kinetic degradation models to natural black C since the material is not homogeneous and possesses different geologic burial histories. Owing to these differences, natural black C might not be a suitable direct chemical analogue for synthetic black C, particularly when it comes to overall thermochemical stability [36] .
Black carbon continuum
Hedges et al. presented quantifiable divisions in this combustion black C continuum based on the molar ratio of oxygen to carbon (O:C) as a means to classify carbon combustion residues (Figure 2) [37] . The most stable carbon form in this spectrum is graphite, typically formed under extreme conditions (high temperature and pressure); and often progressively formed through numerous intermediate phases as a consequence of geologic organic matter burial and digenesis [26] . The main distinguishing chemical property of graphite is the lack of oxygen (typically nondetected or <0.5% by weight). This indicates nearly defect-free carbon lattice structures. Graphite and soot are in the groupings of condensate particulates, since these products contain no relic structures of the original biomass material and both have low O:C ratios (Figure 2) . Conversely, charcoal and char do possess relic structures from the original biomass, and therefore are classified as combustion residues. The main boundary between these two groupings of thermal-chemical conversion products is an O:C ratio of 0.2 and then the dividing line between conversion products and biomass is 0.6 (Figure 2) [37] . Incidentally, cellulose has a O:C molar ratio of 0.8, glucose 1.0, and lignin approximately 0.3. Adapted from [36, 37, 39] and also data shown in [Supplementary 
Key terms
Black Carbon: The name given to charred carbon, which comprises a continuum of various thermal-chemical conversion (pyrolysis) products, ranging from graphite, soot, char and charcoal (Figure 2) . Incidentally, this term does include parent material from all biomass and fossil fuel sources, since we do get black carbon formation from the combustion of biomass as well as fossil fuels (e.g., coal, diesel and gasoline).
Combustion condensates: Forms of black carbon that contain no relic structures of the parent biomass material. Typically, these forms of black carbon have oxygen to carbon ratios (O:C) of less than 0.2, comprised of soot and graphite.
Combustion residues: Forms of black carbon that contain relic structures of the parent biomass. Typical oxygen to carbon ratios (O:C) are between 0.2 and 0.6, which are called char or charcoal, depending on the position in the black carbon spectrum.
Biochar:
The name applied to the creation of black carbon (solid residual from the pyrolysis of biomass) for the purpose of carbon sequestration. Furthermore, the source of the original biomass for the pyrolysis is solely from renewable sources and not fossil fuel resources.
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This concept of an infinite continuum is common in mineral geology. The black C continuum is analogous to the solid chemical solution series of the calciumsodium plagioclase minerals (e.g., transition from high temperature, calcium-rich plagioclase to low temperature sodium-rich plagioclase) [38] . If we were dealing with isolated closed systems, logically there would be more uniformity. However, the pyrolysis process is a partially open system and the chemical transformations are further complicated, since an equilibrium state in the reaction chamber is not reached with reactions being quenched (e.g., removal of heat or material) before equilibrium or reaction completion. Therefore, biochar is not a single chemical entity and should instead be thought of as part of the black C continuum in both variable structure and chemical composition. This biochar variability has complicated efforts to standardize the assessment of the stability of biochar in the soil system, as well as general black C properties [30, [39] [40] [41] .
Chemical composition variability
There is a large range of chemical composition variability among biochars as analyzed through proximate and ultimate analyses [Supplementary [42] [43] [44] [45] [46] [47] [48] . The ranges of chemical composition are the result of often uncontrolled and incomplete chemical and physical transformations that occur as a function of pyrolysis temperature, feedstock material, cooling and post-production conditions [25, 32] . Typically, synthetic biochar yields (expressed as a dry weight percentage of the starting material) decreases with increasing pyrolysis temperatures (Figure 1) , with a preference towards gaseous and liquid products at higher temperatures [49] . However, higher production temperature increases fixed carbon amounts in the biochar and typically reduces oxygen content in the biochar [Supplementary Table 1] . Similar results would be expected in the processes of natural black C formation [33, 50] . Owing to this dependency, pyrolysis temperature is often cited as a deterministic property for biochar stability [51] .
Biochar is not a description of a material with one distinct structure or chemical composition. Rather, biochar has a range of potential chemical compositions and physical structures. All biochars have differing degrees of aromatic linked sheet development (graphitic sheets) and irregularities in the rhombohedral cr ystalline net work comprised of multiple defects including layer, carbon isomerism, substitutions and edge defects [24] . Substitutions of H-, N-, and O-containing functional groups also increase black C reactivity, and, correspondingly, decrease stability [52] . These mineralogical defects result in wider atomic sheet carbon-spacing, which further increases the reactivity of the resulting chemical structure. The presence of poly aromatic ring structures can develop during the initial phases of carbonization [53, 54] . However, total graphitization typically can only be completed under extreme temperatures (>1100 o C) and pressures [55] . Lower temperatures and pressures would require excessively long thermal treatment times to achieve graphitization (>10,000 years [26] ). Therefore, it has been proposed that a better conceptual model for synthetic black C is a heterogeneous mixture of heat-altered biopolymers of relatively small cluster size, which possess significant substitution of N-, O-and S-functional groups [52, 56] , versus pure graphitic sheets. The range of O : C molar ratios (0 -0.6 ; [Supplementary data]) places biochar across the entire spectrum of black C (Figure 2 ). This is important to remember, since thermal and chemical stability is governed by the position on the black C continuum [36, 37] , with lower O:C ratios resulting in a more stable carbon product. Since biochar spans the entire spectrum of black C (Figure 2) , the name biochar does not convey any information on the position of the solid residual in the black C spectrum. Rather, the nomenclature of the black C continuum should be used since this will provide a more meaningful basis of comparison for the solid residuals, particularly across multiple studies. This also emphasizes the need for adequate biochar characterization to be conducted as part of any study. Figure 3 illustrates the overall relationship between O:C and volatile matter for both the synthetic black C [Supplementary Table 1 ] and the natural black C as well as corresponding biomass analogues (Table 1) . A similar trend exists with good agreement between the synthetic and natural black carbons. Oxygen content also plays a major role in determining the overall biochar surface chemistry behavior, particularly for surface pH [25] , which can be an important driver for chemical reactions and thus degradation potential.
In summary, biochar covers the range of black C forms, from slightly charred (more easily degradable) to highly condensed refractory black carbon soot, with a corresponding range of chemistries. The main purpose for the creation of biochar is for carbon sequestration. Biochar does not refer to a single characteristic solid residual. These residuals are more properly identified by the divisions of the black C continuum.
Biochar stability in soil Despite differences in analytical methodologies, which could limit comparisons [57] , current estimates of the amount of natural black C present in prairie and agricultural soils range from 10-45% [58, 59] , 10-60% in forest soils [60] and 3-15% in ocean sediments [61] . The general consensus is that natural black C is relatively inert and thus contributes to refractory soil organic matter [3, 30] and, recently, black C sources have also been linked as precursors of soil humic acids [62] . The natural black C particles observed today in the soil profile could be the more recalcitrant fraction of the black C produced, thereby potentially biasing the results towards the more recalcitrant fraction of the black C. Owing to various protection mechanisms (e.g., anaerobic burial and aggregate protection), exceptions exist where studies have also shown that the oldest black C in the soil profile is not the most stable [63] .
Microbial degradation of biochar
It has been suggested that biochar (black C) itself cannot be used as a sole fungal food source, and is therefore resistant to microbial degradation [64] . However, this is contrary to the overwhelming evidence that black C can be degraded in soils. The spectrum of biochar characteristics will directly impact the observed degradation potential and thereby influence the residence time of biochar in the soil system. Potential hypotheses explaining these effects have focused mainly on abiotic interactions (e.g., pH changes, bulk density decreases, alterations in nutrient availability, water retention increases, biochar structure, and soil structure alterations), providing additional microbial habitat, as well as promotion of colonization by arbuscular mycorrhizal fungi [65, 66] . Recent research has also indicated the potential role of volatiles (sorbed or produced; Box 1) in the suppression of microbial nitrification rates and other microbial processes [67] [68] [69] [70] [71] [72] , which could also influence biotic biochar 
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Review Spokas degradation rates. This is an important facet since most of the estimates on biochar stability have resulted from short-term laboratory incubations.
Microbial degradation of charcoal has been noted for some time [73, 74] along with recent observations of wooddecaying fungi capable of degrading (solubilizing) lowgrade coals (e.g., lignite) [75] [76] [77] . These observations would suggest the role of fungi in the biological degradation of biochars, with the primary pathway through extracellular enzymes. Fungal actions on other materials would suggest that the degradation could also be due to physical breakdown of the biochar structure, since this has been observed in brick and concrete deterioration, which can be initiated by fungal hyphae entering microscopic cracks and crevices, escalating mechanical cracking [78] [79] [80] [81] . In addition, freezing cycles have also been shown to disintegrate black C particles [82] . This physical breakdown of biochar would be vital in the ability of extracellular enzymes attacking the surface area of the biochar [83] , since the molecules of the biochar are too large to pass through microbial membranes [37] .
Some of the initial work on the biotic degradation potential of black C was performed in the early 1900s. Potter observed that the liberation of CO 2 from charcoal (biochar) was increased in the presence of a soil inoculums and did not occur at temperatures and conditions where microbial life would not be viable (e.g., 100
o C and various antimicrobial inhibitor chemicals) [73] . Therefore, the degradation potential of biochar by soil microorganisms has been established for over 100 years. Further work was performed by Shneour who used a 14 C labeled char mixed with various soils (forest soil exposed to fire, volcanic soil from lava flow edge and an urban soil) [74] . The results, as shown in Figure 4 , illustrate the differences in the observed degradation (accumulated 14 C counts min -1 trapped in a sodium hydroxide trap for the produced CO 2 ), which would be directly linked to the 14 CO 2 production from the charcoal degradation. After 96 days, there was an observed maximum degradation of 2% of the 14 C labeled char, with significant differences observed for the different soils (Figure 4) . From this data, the rates are clearly a function of the ecosystem and the composition of the soil microbial consortia. This has also been shown more recently, with a broad range of pyrolysis biochars, further illustrating the different dynamics and impacts of biochar additions on various ecosystems [84] .
There is wide variability in the estimation of the decay rates of biochar from various laboratory studies (Table 2) . However, not all biochars are the same as a result of differences in both parent material and conditions of the pyrolysis (e.g., oxygen concentration, temperature and/or duration) [32] . There are a variety of laboratory methods used in these studies, with varying analytical quantifications (e.g., direct gas chromatography or alkaline traps) and conditions of incubations (e.g., incubation time, temperature and soil moisture content). However, the majority of the studies examined the production of CO 2 as a surrogate to document degradation of the biochar occurring in the incubation. Some of the incubations used soil samples [74, 85] , while others used microbial inoculums [86] for the biotic component of the laboratory degradation. This CO 2 production data is then typically evaluated using first-order degradation models to estimate the half-life of the biochar. There were limited studies that have utilized carbon isotopes [40, 87] . Provided there is a significant difference between the soil organic pool and the biochar, isotopic analyses allow us to track the source of the evolved CO 2 . However, we do not know if there is a preferential location of the carbon-label in the charred material (e.g., higher percentage in aromatic ring structures), which could impact these results for partially carbon-labeled biochar.
Extrapolating greater than decade-length half-lives from relatively short term incubations (<2 years) is unreliable. This has been shown in the literature on the microbial degradation of agrochemicals, which is an equivalent laboratory experimental protocol used for biochar degradation experiments. Anderson observed that the rate of degradation of various herbicides decreased drastically with time, and this decrease was directly correlated to the observed decrease in microbial biomass [88] . This is analogous to the results observed in biochar degradation studies [40, 86] . In other words, the longer the incubation time, the lower the observed rate of mineralization. Microbial biomass typically decreases in the soil sample from the time of collection owing to the interaction of the environment (e.g., soil temperature and moisture and storage conditions) as well as the availability of nutrients [89, 90] . Not surprisingly, the rate of microbial degradation of agrochemicals is directly correlated to the microbial abundance [89] . Therefore, the rates of soil microbial reactions extrapolated from long-term laboratory incubations are particularly prone to uncertainties owing to the fact that the population of the active microbial community decreases with time during laboratory incubations and consequentially reduces the rate of degradation, which is important to keep in mind for laboratory biochar incubations.
Laboratory incubations are also idealized conditions, where the other natural processes (e.g., climate variability, infiltration, ozone, UV exposure, freeze/thaw cycling or run-off events) are often not considered. Incubations are typically run at conditions that optimize microbial activity [86] . Abiotic processes, such as chemisorption of oxygen by the biochar [91] [92] [93] , can also liberate and produce CO 2 . This is an important factor that needs to be accounted for when evaluating biochar degradation by quantifying CO 2 production from biotic and abiotic sources [85, 86] . In addition, soil moisture content also influences biochar degradation rates [51, [94] [95] [96] [97] . Depending on the pH of the black C, sorption of CO 2 into the black C can occur, thereby reducing the amount of CO 2 accumulation in laboratory incubations [98] . Microbial communities, particularly fungi, are believed to be the dominate drivers in the mineralization of black C. These microbial communities will therefore be related to specific soil conditions since these microclimate conditions influence the activity and diversity of the microbial communities [74, 99] . However, these microbial consortia vary widely between ecosystems, resulting in different observed responses following biochar amendments, particularly for green house gas production potentials [84] .
For biochar, it appears that minimum residency times on decade time periods are achieved, with some results indicating longer residency times (Table 2) . However, the length of this residency time does vary considerably. We Table 2 . Summary of the residency times of biochar in various studies along with corresponding oxygen to carbon (O:C) ratio of the biochar.
Production notes O:C ratio of biochar Estimated half-life (years) Ref.
Laboratory oven (pyrolysis) 0.32-0.72 100-500 [51] Chronosequence (natural black C) 0.7 10s (decades) [119] Laboratory oven (pyrolysis) (limited O 2 environment) 0.18-0.23 0.16 40 80 [94] Laboratory oven (pyrolysis) 0.01 1400 [114] Laboratory oven (pyrolysis) 0.008 51,000 [114] Laboratory oven (pyrolysis) 0.099-0.60 100-110,000 [86] Historic charcoal blast furnaces 0.06 1000 [104] Kiln 0.23 600 [115] Studies without biochar elemental analyses Hydrothermal NA <30 [120] Natural black C NA 50-100 [100] Natural black C NA 200-600 [112] Natural black C NA 1000-2000 [121] Natural black C NA 10,000 -20,000 [96] Natural black C NA 1000-10,000 [122] Natural black C NA Several centuries to millennia (residency time) [105] Natural black C NA Millennia based on C-dating (residency time) [123] Natural black C NA No difference observed in CO 2 evolution with char additions (long residency time inferred) [116] Laboratory oven (pyrolysis) NA 1400 [124] Laboratory oven (aerobic) NA 14-60 [ 
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NA: Data not available Review Spokas need to find an adequate characteristic property for black C (biochar) that explains this variability in stability and at the same time is straightforward to determine.
Oxygen to carbon molar ratio
When we examine the O:C ratio in the biochar (Figure 5 ), a general trend is observed suggesting that lower O:C molar ratios result in a longer predicted biochar halflife. This is in agreement with recent observations that an increased O:C ratio is an indication of weathering (oxidation) of the biochar [100, 101] as well as other black C literature that correlate O:C to black C properties and stability [37] . The O:C ratio is related to the number and composition of the substituted functional groups, since graphitic sheets would have a O:C of 0 (Figure 2) . In particular, the recent biochar studies has also linked the O:C ratio to cation exchange capacity and presence of oxygenated groups on the biochar [102] . O:C ratios are typically higher near the surface than the interior of the black C particles, resulting in the use of the O:C ratio as an indicator of black C oxidation [103] . These findings are in agreement with the hypothesis that black C can react with oxygen [92] and some have observed that these reactions occur can occur immediately after production [104] . This illustrates the ability of the O:C molar ratio in capturing this post-production black C oxidation.
From Figure 5 , there is the suggestion that lower O:C ratios result in more stable biochar material. When the molar O:C ratio is greater than 0.6 then biochar will probably possess a half-life on the order of less than 100 years, with some studies observing decadal time periods. The next grouping is for a halflife of between 100-1000 years, corresponding to the biochar O:C ratio between 0.2 and 0.6. Finally, if the O:C ratio is under 0.2, the resulting biochar will possess a half-life of greater than 1000 years. The sole exception to this was the synthetic biochars from the Hamer et al. study (shown in the rectangle in Figure 5 ) [94] . The exact cause is unknown. These divisions and half-life predictions make logical sense when they are compared with the black C continuum (Figure 2) since these are the divisions between biomass, combustion residues and combustion condensates [36, 37] . In particular, this screening criteria explains the lower residency times observed from the biochars with high O:C ratios (near 0.6), which are close to biomass in the black C continuum. These groupings also explain the high degree of variability observed in biochar stability results in light of the divisions within the black C continuum, with some studies observing very short residence times for high O:C ratio biochar and other studies observing longer stability estimates for lower O:C ratio biochar.
Pyrolysis temperature has been suggested as a surrogate for biochar stability [51] . The O:C molar ratio of the various biochars listed in Table 2 is a function of the production temperature (R 2 = 0.595) (Figure 6 ). However, the overall correlation is weak. As can be seen in Figure 6 , there are some biochars that meet the highest stability criteria (O:C <0.2) across a range of production temperatures (300-1000°C). This variability indicates that production temperature is not the sole determining factor in the stability of biochar. In addition to production temperature, the O:C molar ratio would also account for alterations that occur as a function of the cooling method used (i.e., anaerobic, aerobic and water), different heating rates and non-uniform heating, residency times, and storage time of the biochar owing to abiotic degradation [86, 92, 104] . These factors explain the poor relationship with production temperature and suggest that Table 2 (n = 35). The sole exception to these divisions were biochars from Hamer et al.; shown in the rectangle [94] . Review of the stability of biochar in soils: predictability of O:C molar ratios Review future science group www.future-science.com 297 production temperature is not the sole determining factor of biochar stability. Furthermore, these and other factors would be encapsulated by the O:C ratio, thereby suggesting that the O:C ratio would be a superior classification scheme than production temperature for estimation of the stability of biochars. Volatile matter has also been suggested as a predictor for biochar stability [86] . In this study, the relationship between volatile matter and biochar stability was statistically significant (R 2 = 0.35-0.44 [86] ) for the chars produced, which were all from the same pyrolysis unit. When we compare the volatile matter to the O:C ratio (Figure 3) across multiple biochar sources, we again observe variability in the predictability; as was seen for the production temperature across various O:C ratios (Figure 5 ). This variability increases with volatile content. When we compare the volatile matter to biochar stability (Figure 7) , we do not observe any clear divisions as was observed for the O:C ratio (Figure 5 ). In addition, there is no literature reference for the divisions in the volatile matter content, as there are for the O:C ratio [37] . However, the relationship between the O:C ratio and the volatile matter (n = 50; R 2 = 0.76; Figure 3 ) is slightly stronger than the O:C and production temperature (R 2 = 0.60; Figure 6 ). The reason for this improved agreement could be related to the fact that both of these quantities (volatile matter and O:C) are actual measurements of the black C material. However, volatiles can be desorbed from the black C at anytime and would be dependent on the pyrolysis conditions and time since production. Therefore, the timing of the volatile laboratory ana lysis and conditions of storage could be important factors in this variability. Furthermore, there are analytical methodology differences (e.g., in temperatures and duration) in the determination of volatile content among various biochar and black C studies, which hampers comparisons. Volatile matter is not a stationary property and does not necessarily correlate to the chemical composition or structure of the biochar material itself. However, volatile matter is a vital property for laboratory incubations, since these volatiles can have an impact on short-term microbial activity [71, Table 2 (n = 32).
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and is a good indicator for biochars produced from the same pyrolysis unit or process [86] . The O:C ratio would account for volatiles as well as the non-volatile material, which could provide an improved basis for comparison, particularly across multiple pyrolysis units and conditions of production and storage. A linked two-pool kinetic model for the liable and recalcitrant fractions of biochar has also been proposed [105] . This concept fits some, if not the majority, of the experimental data. However, in reality we have an infinite number of pools, since the biochar is a spectrum of chemical structures and arrangements [106, 107] . Therefore, a model accounting for the liable and then the more stable fraction is a drastic simplification of the continuum of fragment stabilities within the heterogeneous biochar. Furthermore, there is no direct assessment of these kinetic parameters, except by fitting experimental data. The O:C ratio provides a direct comparison of a relatively simple and direct ana lysis, which permits black C to be compared from different studies.
There are upcoming innovations in examining the structure of black C (biochar) [103, [108] [109] [110] [111] . These methods do provide additional insights into the atomic structure and arrangement of black C, which elucidate a detailed assessment of structural black C properties. These analytical techniques will improve our understanding and the implications of chemical structure on black C stability. However, there are limited studies to date that have utilized these more sophisticated structural ana lysis tools to draw any universal relationships.
Future perspective
This article highlights the lack of suitable terminology and standards in biochar stability research, particularly in relationship to microbial stability. Owing to the fact that microbial/fungal diversity differ across geographical locations, it will be necessary to develop a protocol for finding a proxy for microbial degradation for biochar stability in soils. One such possibility is a chemical-thermal stability evaluation that could be a proxy for determining both biotic and abiotic degradation potential [36] . Otherwise, a standard mixture of microbial enzymes or cultures would be needed to ensure equal comparisons across laboratories [112] . Furthermore, the particle size of the biochar needs to be included in the assessment of stability [113] . Since the biologic degradation of biochar relies on the activity of extracellular enzymes [37] , smaller particle size could lead to higher activity of these enzymes. Furthermore, the effect of temperature fluctuations is another area that will need to be examined, particularly as a result of the impacts on fungal establishment and growth [63] . As already mentioned in some studies [85, 114] , the impact of abiotic degradation will need to be accounted for. In this fashion, consistent results for the predicted stability of the biochar will be achieved. The use of the O:C molar ratio is a step in this direction. However, further refinement and enhancement is needed in order to establish common analytical procedures to ensure reproducible results across laboratories in determining the microbial stability of biochar.
Box 1. Volatile organic compounds sorbed on biochar.
The role of soil volatile organic compounds ('soil volatilomics') is an active research area [129] . These organic compounds can have stimulatory, inhibitory or no impact on microbial growth [70, 129] . As seen in Table 2 , some biochars have high volatile matter contents. The source of these volatiles is not entirely known, but could be the result of sorbing the volatile organic compounds and other non-to semivolatile organic compounds that are produced during pyrolysis [130] or from direct contact with the bio-oil (liquid) [131] and gas phases [132] . Guillén and Manzanos have identified over 215 volatile species present in aqueous hardwood smoke [68] . The water soluble portion of wood smoke has been shown to stimulate CO 2 respiration and the associated increase in oxygen depletion in laboratory incubations, which have been linked to increases in microbial activity [67, 83] . This indicates that some portion of the volatile organics present in the wood smoke can be utilized by the soil microbial community as a food source.
During the pyrolysis of cellulose, furans, pyranones, anhydrosugars and 5-hydroxymethylfurfural were the main components of black C produced at low-temperature pyrolysis (<300°C) [133] . The role of these sorbed volatile organics on biochar has just recently been cited as a mechanistic factor in the response of soil microbes [71, 72] and plant responses [134] . Figure 8 presents thermal desorption data from four different biochars, natural coal and a wood ash (aerobic combustion) analyzed by headspace thermal desorption mass-spectrometry, which is an analytical technique for the ana lysis of sorbed organic compounds to charcoal [135] , and when coupled to a mass-spectrometer allows identification of the volatile compounds [136] . This technique was used here to visualize the types of organic compounds released when the material (e.g., biochar, coal or wood ash) is heated to 150°C (Perkin Elmer Gas Chromatograph Figure 8 , there are multiple types and classes of compounds observed on the biochars. Each peak on the chromatogram represents a unique compound, with smaller more volatile species eluting earlier and heavier molecular weight compounds eluting at later times. From this very limited data, there is the suggestion that fast pyrolysis produces more aromatic and higher molecular weight species (elution time >20 min) sorbed to the biochar, as can be seen by the presence of ethyl benzenes (and other aromatic species peaks) in the fast pyrolysis biochars. The main conclusion is that biochar also contains varying amounts and types of volatile organic compounds as a function of feedstock and pyrolysis conditions, which requires further investigation.
Conclusions
In conclusion, the degradation of biochar in the natural system is currently lacking fundamental scientific data to assign exact turnover rates. Our ability to predict the effects of long-term carbon sequestration from biochar additions to soil is currently limited by our lack of understanding in how biochar affects the soil microbial community mediating many of these processes. Compounding this issue is the variability of biomass combustion products as a function of the production conditions and parent material. Abiotic processes (e.g., chemisorption, transport and leaching) also cannot be neglected [115] .
This article has shown that a more reliable predictor of overall stability of biochar in soils might be the O:C molar ratio. This ratio is the net result of all of the multiple parameters during the production, cooling and storage of the biochar. Furthermore, the O:C ratio has explained the variability observed in the majority of the data to date that had sufficient characterization data on the evaluated biochar. Since all studies did not analyze the elemental composition, the universality of this conclusion still needs to be verified. Based on the literature studies examined in this article, biochar with an O:C molar ratio of less than 0.2 are typically the most stable, possessing an estimated half-life of more than 1000 years; biochar with an O:C ratio of 0.2-0.6 have intermediate half-lives (100-1000 years); and, finally biochar with an O:C ratio of greater than 0.6 possess a half-life in the order of over 100 years. 
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Executive summary
Biochar is the solid residual product (black carbon [black C]) from pyrolysis that is created as a means of carbon sequestration.
Differences in natural and synthetic black C
Significant differences between the purity of feedstock, temperature of production, and conditions of cooling can result in drastically different phase distributions and quality between natural and synthetic black C production.
Black C continuum
The black C continuum describes various products of the thermochemical conversion of biomass. Biochar spans this entire spectrum of black C products.
The oxygen to carbon (O:C) molar ratio is a characteristic property of black C that can be used to classify black C material and, correspondingly, the stability of the carbonized material.
Chemical composition variability
Biochars possess a diverse range of chemical structure and compositions.
Biochar stability in soil
There has been a wide range of predicted stabilities of biochar in the soil system ranging from decades to millennia, with limited attempts to unify these results.
Microbial degradation of black C
There has been over a 100-year history of examining the stability of black C in soils, with limited success in developing an accurate predictor of the stability of black C in the soil environment.
Biochar with an O:C molar ratio of less than 0.2 are typically the most stable black C forms possessing an estimated half-life of more than 1000 years; biochar with an O:C ratio of 0.2-0.6 have intermediate half-lives (100-1000 years); and, finally, biochar with an O:C ratio of greater than 0.6 possess a half-life on the order of less than 100 years. 
